To elucidate the water cycles in iron-rich Mars, we investigated the phase relation of a water-undersaturated (2 wt.%) analog of Martian mantle in simplified MgO-Al 2 O 3 -FeO-SiO 2 -H 2 O (MAFSH) system between 15 and 21 GPa at 900-1500 • C using a multi-anvil apparatus. Results showed that phase E coexisting with wadsleyite or ringwoodite was at least stable at 15-16.5 GPa and below 1050 • C. Phase D coexisted with ringwoodite at pressures higher than 16.5 GPa and temperatures below 1100 • C. The transition pressure of the loop at the wadsleyite-ringwoodite boundary shifted towards lower pressure in an iron-rich system compared with a hydrous pyrolite model of the Earth. Some evidence indicates that water once existed on the Martian surface on ancient Mars. The water present in the hydrous crust might have been brought into the deep interior by the convecting mantle. Therefore, water might have been transported to the deep Martian interior by hydrous minerals, such as phase E and phase D, in cold subduction plates. Moreover, it might have been stored in wadsleyite or ringwoodite after those hydrous materials decomposed when the plates equilibrated thermally with the surrounding Martian mantle.
Introduction
Water is an important volatile material that affects the physical and chemical properties of planetary interiors, such as those of Earth and Mars. Water transportation and storage are crucially important components of the water cycle, strongly affecting geodynamic processes. On Earth, several studies have indicated that some hydrous minerals can hold and transport water to the deep Earth by cold subducting slabs [1] [2] [3] . The so-called dense hydrous magnesium silicates (DHMSs) in MgO-SiO 2 ) , are considered to be important carriers of subducted water from mantle transition zone down to the middle part of the lower mantle [4] [5] [6] [7] [8] [9] . By contrast, the major minerals-wadsleyite and ringwoodite-in the Earth's mantle transition zone (MTZ), might act as a large water reservoir because they might hold several oceans' masses of H 2 O [10] .
The existence of water on Mars has long been controversial. Recent studies of topographic features, for example, the northern plains, sedimentary deposits, and valley networks [11] [12] [13] and the detection of subsurface ice, as well as various hydrous minerals in Lyot crater, suggest the existence of an ancient Martian ocean on the surface [14] [15] [16] . The convecting Martian mantle may be hydrated
Materials and Methods
High-pressure and high-temperature experiments were conducted at Geodynamics Research Center (GRC), Ehime University, using a Kawai-type 1000 ton multi-anvil apparatus. Tungsten carbide cubes with truncation edge length (TEL) of 4 mm were used in combination with Co-doped MgO-octahedra of 10 mm edge length (10/4 assemblage). Preformed pyrophyllite gaskets were used between the cubes, and LaCrO 3 was used as the heater. A gold sample capsule was used in the cell assemblage. Pressures were calibrated at room temperature (25 • C) by diagnostic changes in the electrical resistances of ZnTe (9.6 and 12 GPa), ZnS (15.5 GPa), GaAs (18.3 GPa) , and GaP (23 GPa) induced by the semiconductor-metal phase transitions at high pressures. The temperature was monitored using a W 97 Re 3 -W 75 Re 25 thermocouple. The electromotive force (EMF) was not corrected for the effects of pressure. The sample was compressed to the desired pressure. Then, the oil pressure was held constant. Subsequently, alternating current (AC) power was supplied to the heater in the furnace assemblage. After heating for 40-240 min, the power was stopped by shutting off the electric power supply. Samples were recovered after releasing pressure slowly during 12 hrs. The recovered run products were mounted in epoxy resin and were polished for phase identification and chemical composition analysis.
The simplified Martian composition by Dreibus and Wänke [20] , which is an analog of the primitive Martian mantle composition corresponding to mantle + crust, was adopted. The oxide mixture of MgO, Al 2 O 3 , SiO 2 , and FeO was prepared in appropriate proportions. FeO was put in the reduced furnace at 1000 • C for 24 h before mixing to ensure that the ferrous ion was used. We added 2 wt.% H 2 O in the form of Mg(OH) 2 . The chemical compositions are presented in Table 1 . To create a reduced environment, we inserted some Mo foil in a gold capsule before the starting material was encapsulated into the capsule. The phase assemblages were identified using a micro-focus X-ray diffractometer (MicroMax-007HF; Rigaku Corp., Tokyo, Japan) with Cu Kα radiation. The obtained data were processed using 2PD software, which can display and process two-dimensional data, including smoothing, background correction, and 2D to 1D conversion. The micro-textures and composition were obtained using a field emission scanning electron microscope (FESEM, JSM7000F, JEOL, Akishima-shi, Japan) combined with an energy-dispersive X-ray spectrometer (EDS, X-MaxN, Oxford Instruments, Plc., Abingdon, UK). The Fe 2 SiO 4 , Mg 2 SiO 4 , and Al 2 O 3 were used as standards in the EDS analyses. Working parameters of 15 kV, 1 nA, and collection times of 30-50 s were used. The chemical composition was analyzed using EDS. We used software (Aztec ver. 2.4, Oxford Instruments Nanotechnology Tools Ltd., Abingdon, UK) to process EDS data. The Raman spectrum was obtained using laser Raman spectrometer (NRS-5100gr) to identify some of the recovered phases, with 532 nm laser excitation. Laser power applied to the sample was 10 mW. The Raman spectra were obtained from a linear baseline, and peak characteristics were carried out using the commercial software package. The EDS measurements suggested that we obtained the homogeneous composition of Mo where it appeared. On the other hand, we calculated the chemical formula of garnet obtained in this study. The result showed that only the Fe 2+ in the formula could make the charge balance. Therefore, we created a reduced environment in the sample chamber by using Mo foil. 
Results and Discussion

Phase Relations
Experimental conditions and the results are presented in Table 2 and Figure 1 . Nominally anhydrous phases, such as clinopyroxene (Cpx), garnet (Gt), wadsleyite (Wd), and ringwoodite (Rw), were presented in quenched samples ( Figure 2 ). Based on experimental conditions, different hydrous phases were observed with increased pressure. Phase E (PhE) was observed in the low-temperature region between 15-16.5 GPa to coexist with Gt and Wd or Rw, as presented in Figure 2a . It became unstable at 16.5 GPa with a temperature higher than 1100 • C. However, the thermal stability limit of PhE in this study was about 100 • C higher than that reported in iron-free hydrous peridotite system [21] . Phase D (PhD) remained as a major hydrous phase at the present pressure range from 18 GPa to 21 GPa below 1100 • C (Figure 2b ). With increased temperature, PhD decomposed to Rw, stishovite (St), and Gt. It seems that PhD in MAFSH system has the same stability region, as reported for a MASH system [21] . Therefore, it was expected that the PhD had a positive pressure-temperature stability slope, as presented in Figure 1 . The high iron content in MAFSH system might inhibit the superhydrous phase B (SuB) formation, leading to the disappearance of SuB in the whole pressure range.
An earlier report described that the loop in the Wd-Rw boundary shifted towards higher pressure by the effect of water [22] or towards lower pressure with increased iron content [23] . In this study, Wd was stable up to 16 GPa at 1200 • C; then it transformed to Rw, as identified by Raman spectrum. The Rw formation was also found shifting to low pressure, which was observed at 16 GPa and 1200 • C. Therefore, this loop was influenced more strongly by the higher iron content than by the effects of H 2 O in the hydrous Martian mantle. of ferrous oxide was detected at 21 GPa and 1050 °C. At 21 GPa and 1000 °C, we found iron-rich hydrous phase, based on analyzing the deficit of weight total. Both, the total weight and diffraction pattern, were similar to εFeOOH; however, the diffraction peaks were slightly shifted compared with εFeOOH, probably because of the incorporation of Mg due to the similar ionic radius of VI Mg 2+ (0.72 Å) and VI Fe 2+ (0.78 Å). It was also a little strange that this phase did not contain Si and Al. Perhaps, the solubility of Al and Si decreases when Mg is included. More work is needed to clarify this issue. hydrous phase, based on analyzing the deficit of weight total. Both, the total weight and diffraction pattern, were similar to εFeOOH; however, the diffraction peaks were slightly shifted compared with εFeOOH, probably because of the incorporation of Mg due to the similar ionic radius of VI Mg 2+ (0.72 Å) and VI Fe 2+ (0.78 Å). It was also a little strange that this phase did not contain Si and Al. Perhaps, the solubility of Al and Si decreases when Mg is included. More work is needed to clarify this issue. Cpx was observed at 16.5 GPa and 1300 • C, which further transformed to Gt at higher pressures. Stishovite (St) was found to be coexisting with Rw at temperatures higher than 1100 • C. Some amount of ferrous oxide was detected at 21 GPa and 1050 • C. At 21 GPa and 1000 • C, we found iron-rich hydrous phase, based on analyzing the deficit of weight total. Both, the total weight and diffraction pattern, were similar to εFeOOH; however, the diffraction peaks were slightly shifted compared with εFeOOH, probably because of the incorporation of Mg due to the similar ionic radius of VI Mg 2+ (0.72 Å) and VI Fe 2+ (0.78 Å). It was also a little strange that this phase did not contain Si and Al. Perhaps, the solubility of Al and Si decreases when Mg is included. More work is needed to clarify this issue.
Mineral Chemistry in DHMSs, Wadsleyite, and Ringwoodite
The measured chemical compositions of the phases in the experiments are presented in Table 3 . Table 3 , and then divided by counted number). PhD in the MAFSH system generally had low amounts of FeO < 4.4 wt.%. The Al 2 O 3 contents were 3.5-7.9 wt.%, whereas the FeO contents exhibited a small variation of 3.9-4.8 wt.% throughout the samples quenched under various pressure and temperature conditions ( Table 3 ). The chemical composition changes in Rw and Gt that occur with increasing temperature at some different pressures are shown in Figure 3 . The MgO and SiO 2 contents decreased concomitantly with increasing temperature and then increased slightly in Rw at 16 and 21 GPa (Figure 3a) . However, the opposite trend was observed for FeO content. At 18 GPa, opposite trends were observed in MgO, SiO 2 , and FeO contents below 1250 • C compared to pressures at 16 and 21 GPa. Both Wd and Rw have near-stoichiometric bulk composition. However, the (Mg + Fe)/Si ratio of Wd and Rw was lower than 2, indicating incorporation of H + . The H 2 O contents in Rw were greater than those in Wd, based on deficit total weight estimation. Generally, the Al 3 O 2 and SiO 2 contents in Gt exhibited an opposite tendency because of Tschermak substitution (Mg 2+ + Si 4+ = 2Al 3+ ). The Al 3 O 2 content decreased, and the SiO 2 content increased concomitantly with increasing temperature. However, with increasing pressure, the Al 3 O 2 content increased, and the SiO 2 content decreased (Figure 3b ). The FeO content remained fundamentally unchanged in all quenched samples, except under the condition of 15 GPa and 900 • C ( Table 3) . The chemical composition changes in Rw and Gt that occur with increasing temperature at some different pressures are shown in Figure 3 . The MgO and SiO2 contents decreased concomitantly with increasing temperature and then increased slightly in Rw at 16 and 21 GPa (Figure 3a) . However, the opposite trend was observed for FeO content. At 18 GPa, opposite trends were observed in MgO, SiO2, and FeO contents below 1250 °C compared to pressures at 16 and 21 GPa. Both Wd and Rw have near-stoichiometric bulk composition. However, the (Mg + Fe)/Si ratio of Wd and Rw was lower than 2, indicating incorporation of H + . The H2O contents in Rw were greater than those in Wd, based on deficit total weight estimation. Generally, the Al3O2 and SiO2 contents in Gt exhibited an opposite tendency because of Tschermak substitution (Mg 2+ + Si 4+ = 2Al 3+ ). The Al3O2 content decreased, and the SiO2 content increased concomitantly with increasing temperature. However, with increasing pressure, the Al3O2 content increased, and the SiO2 content decreased (Figure 3b ). The FeO content remained fundamentally unchanged in all quenched samples, except under the condition of 15 GPa and 900 °C ( Table 3) . 
Stability and Water Contents of Hydrous Phases in Iron-Rich Martian Mantle
Several reports of petrological studies have described that dense hydrous magnesium silicates (DHMSs) remain stable in the hydrous pyrolite mantle compositions along a cold subducting slab [1, 3, 21] . In the present study, we observed that the stability regions of DHMSs in the hydrous iron-rich Martian mantle (2 wt.% H 2 O) were generally consistent with those obtained in CaO-MgO-Al 2 O 3 -SiO 2 (CMAS) pyrolite with 2 wt.% of H 2 O and a water-saturated MSH system. However, some differences were apparent.
The stability region of PhE partially overlapped with Wd or Rw below 17 GPa in the low-temperature field. Although Wd could hold up to 3 wt.% of H 2 O in its crystal structure [24] , it only accommodated approx. 0.8 wt.% of H 2 O in a water-undersaturated condition at 15 GPa and 900 • C. The water content increased drastically to approx. 2.2 wt.% after PhE decomposed at elevated temperature 1100 • C and 15 GPa. It subsequently decreased to approx. 0.6 wt.% with the temperature increased to 1450 • C. The water content in Wd was consistent with those proposed in CMAS pyrolite with 2 wt.% of H 2 O at 15 GPa and 1450 • C [24] , indicating that Wd also has large water storage capacity within the stability field of the Martian mantle.
Reportedly, SuB appears in CMAS or MHS systems at pressures higher than 17 GPa [24] , but we observed PhD instead of SuB at 18-21 GPa, which means that much water might be held in the low-temperature region because of the higher water solubility in PhD. It is expected that PhD might transport water to the deepest part of the Martian interior because PhD was reported to be stable up to 44 GPa, which corresponds to a depth of 1250 km [6] .
Hydrous Rw appeared at pressures higher than 16.5 GPa, which exhibited a wider stability region than that in hydrous pyrolite. It seemed readily apparent that water contents in Rw decreased concomitantly with increasing temperature, as shown in Table 2 . We observed trace amounts of melt at 18 GPa and 1550 • C, suggesting that it was very close to the wet solidus in MAFS system under a water-unsaturated condition. We also observed some amount of iron-rich hydrous phase at 21 GPa and 1050 • C, implicating it is a potential water carrier in low-temperature regions of the hydrous iron-rich Martian mantle. Because of its greater density than its surrounding materials, it might bring water to the Martian core.
Implications
The existence of water on Mars has long been controversial. Some evidence has shown that water disappeared from the Mars surface after its formation [17, 26, 27] . Although the whereabouts of the water have long been debated, some parts of the hydrated crust of Mars may have been brought into the deep interior by the convecting mantle. We inferred that DHMSs might act as an important water carrier in the deep region of Fe-rich Mars, although the temperature profile of the Mars interior remains unclear. Several models have been proposed to constrain the structure of the Martian interior based on geophysical observations and high-pressure petrological studies. Then, they suggested the pressure of the core-mantle boundary as [19] [20] [21] [22] [23] [24] [25] 28, 29] . Our results demonstrated that DHMSs could be expected to transport water even to the iron-rich Martian core in the cold region in this pressure range.
PhE and PhD were potentially relevant DHMSs in the Martian transition zone in a simplified MAFSH model. The DHMSs would dehydrate completely if the temperature of the surrounding Martian mantle was higher than their stability limits ( Figure 2) . The released water would be stored in Wd or Rw. These phases might subsequently act as a large water reservoir in the Martian mantle, as in the Earth's mantle. The results of the present phase relation in iron-rich Martian mantle were fundamentally consistent with data for hydrous pyrolite, except for the SuB absence in the present study. In addition, it is noteworthy that much more water could be held in the Martian mantle than in Earth's mantle because the phase transition pressure of the loop in both olivine (Ol)-Wd and Wd-Rw boundary shifted towards lower pressure [22, 24] .
Furthermore, it seems that the thermal structure of Mars is key to understand water cycles in a deeper region; however, the areotherm of Mar's is still under debate [17, 25, 28] . In this study, we adopted a model areotherm, as shown in Figure 1 , which was determined according to the present day core-mantle boundary temperature of~1400 • C suggested by Hauck and Phillips [17] . In this model, Mars was slowly cooling down from 4.5 Ga to the present whose areotherm was still at least higher than the dehydration temperature of PhE and PhD, as shown in Figure 1 . During the evolution of early Mars, much of the water was possibly lost because of low melting temperatures of DHMSs, hydrous Wd, and Rw compared with areotherm [17] . In addition, water is an incompatible and volatile component in a solid-melt system, which easily causes partial melting of Martian mantle. Water also affects the thermal evolution of the planet. The generated magma may bring the released water to the shallow region, and help conduct and transfer heat more efficiently. This process may help early Martian mantle quickly cool down than a dry system. By contrast, this may become a barrier for water transportation at least to some critical depth during some part of Martian history. However, the accumulated water in the shallow region may hydrate some part of the crust. Unlike the Earth system in which water is recycled by subducting slabs, the mantle of Mars might be convected, but the crust is stagnant and not subducted [17] . The mantle might be hydrated by reaction with the overlying hydrous crust. Eventually, the water should be restored in Wd and Rw during mantle convection due to their high thermal stability region than that of DHMSs.
Our present result indicated that both DHMSs and nominally anhydrous minerals, Wd and Rw, have the potential to accommodate a certain amount of water, elucidating model geodynamic processes associated with the deepwater cycles of Mars.
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